Single crystal growth of the pyrochlores R 2 Ti 2 O 7 (R = rare earth)
Introduction
The rare-earth titanate with the pyrochlore structure, R 2 Ti 2 O 7 (R = rare earth), crystallizes into a face centered cubic structure with eight formula units in a unit cell, and the space group is Fd3m. The rare earth ions form a network of corner-sharing tetrahedra, of which the vertices are occupied by R 3+ , with triangular and kagomé planes alternately stacked along the [111] direction. Recently, these materials have attracted considerable interests because of their three-dimensional feature of geometrical magnetic frustration and the resulting exotic ground states at low temperatures, including spin ice, spin liquid and order-by-disorder [1, 2, 3, 4] . Since these low-temperature magnetic properties are sometimes very sensitive to the sample quality, as was observed in Yb 2 Ti 2 O 7 and Tb 2 Ti 2 O 7 [5, 6] , the growth of high-quality R 2 Ti 2 O 7 single crystals is very important for investigating the intrinsic physics of these materials. Both the flux method and the optical floating-zone technique have been tried for growing R 2 Ti 2 O 7 single crystals and the latter was found to be able to produce better and bigger crystals [7, 8, 10, 11, 12] . However, the detailed growing conditions of R 2 Ti 2 O 7 using the floating-zone method have not been systemically studied or reported and the crystal quality demonstrated in the literature seems to have significant room to improve.
In this work, we studied in details the conditions for the crystal growth of the R 2 Ti 2 O 7 (R = Gd, Tb, Dy, Ho, Y, Er, Yb and Lu) using the floating-zone method. It was found that the growth rate, atmosphere and oxygen pressure should be carefully adjusted to get high-quality single crystals and they differ from each other for different rare-earth ions. Moreover, to study the magnetic dilution effect of the spin liquid which can ensure a stable growing. The diameter of crystal is very uniform compared to that grown in air (ambient pressure) in an earlier report [8] . The single crystal bar is transparent with the color of amber and develops small facets. However, it has some small cracks at the end part, as shown in Fig. 1(a) , indicating that the growth condition is still not appropriate.
Then, we tried to increase the oxygen pressure to 0.4 MPa and grew it with a rate of 2 mm/h, in which case the molten zone could not be stabilized and it dropped when the crystal growth has been continued for only 3-4 hours. A possible improving way is to change the growth rate. After several attempts, we finally got the optimum condition of 0.4 MPa oxygen pressure and 4 mm/h rate for Dy 2 Ti 2 O 7 . As shown in Fig. 1(b single crystals are included in Table 1 . The lattice constants are obtained from the powder X-ray diffraction data and are found to be consistent with the results from the literature [9] . It should be noted that the lattice constants of R 2 Ti 2 O 7 have some weak dependencies on the oxygen content [10, 12] . In our case, the lattice constants of the As we known, pyrochlore oxides are represented by the chemical formula
A is a trivalent rare earth consisting of the lanthanides, Y, or Sc, and B could be a transition metal, which is sitting at 16c and 16d sites of the Fd3m space group, respectively. Both
A and B form three-dimensional corner-sharing tetrahedra and are coordinated by oxygen ions, and the content of the O ′ atom plays an important role in the coordination geometry of the A and B sites [1] . In addition, the structure-field or stability-field map for A 2 B 2 O 7 materials show that not only the stability of pyrochlore phase but also the defect concentration are influenced by the radius ratio of A 3+ /B 4+ . For instance, the pyrochlore phase must be synthesized by using high pressure if B ion has very small radius, like Mn 4+ ion [1] .
It is therefore understandable that the oxygen pressure plays a crucial role in the growth of R 2 Ti 2 O 7 crystals and avoiding thermal cracks. One may note that in the present work the oxygen pressure for the optimized growth is larger than those in earlier reports [8, 12] . The main reason why a high oxygen pressure is helpful for growing R 2 Ti 2 O 7 is that it can reduce the evaporation from molten zone and suppress the micro bubbles at the melting interface.
Furthermore, a high oxygen pressure could avoid the oxygen deficiency and stabilize the phase formation of R 2 Ti 2 O 7 .
Magnetic susceptibility and specific heat
Besides the structural characterizations of the obtained R 2 Ti 2 O 7 and
single crystals using powder X-ray diffraction, single-crystal rocking curve and Laue photograph, the basic physical properties of these crystals were also characterized. DC magnetization and specific heat measurements were done using a SQUID-VSM (Quantum Design) and a Physical Property Measurement System (PPMS, Quantum Design), respectively. In general, both the magnetic susceptibility and specific heat results of our single crystals are consistent with most of data in literatures. Here we show some representative data. has no orbital moment. But actually, it exhibits weak anisotropy at low temperatures as shown in Fig. 4(a) , which means that other exchange interactions than a simple Heisenberg one should be taken into account [13, 15] . Although the specific heat, neutron scattering and some other experiments indicated that Er 2 Ti 2 O 7 has a strong local XY-type anisotropy [4, 16] , there has been no report on the anisotropic magnetization of Er 2 Ti 2 O 7 single crystals.
Fig. 4 shows the magnetization curves of Gd
Our magnetization results in Fig. 4(b) show a weak anisotropy of Er 2 Ti 2 O 7 at 2 K. In 6 addition, the magnetic susceptibilities of Tb 2 Ti 2 O 7 crystals annealed under 0.1 MPa oxygen pressure were measured and compared with that of as-grown crystals. It was found that the magnetism down to 2 K is almost independent of the oxygen content and just shows subtle difference, as shown in Fig. 5 [10] .
Low-temperature specific heat data of R 2 Ti 2 O 7 (R = Dy, Tb, Gd, Er, Yb, Y and Lu) single crystals are shown in Fig. 6(a) The specific heat of Er 2 Ti 2 O 7 also displays a sharp peak at about 1.2 K, corresponding to a second-order phase transition [4, 20] . Two broad peaks at about 0.7 and 6 K are observed in the specific-heat data of Tb 2 Ti 2 O 7 . It is fundamentally consistent with previous reports [6, 21, 22, 23] , although there are some differences of the data among different samples. The peak at 6 K was attributed to a remnant of an excitation between the ground state doublet and an excited doublet, separated by ∼ 18 K, which was related to the short-range magnetic correlation [21, 22] . The peak at 0.7 K was mainly attributed to the splitting of the ground state doublet, and the same short-range magnetic correlation effect also can not be neglected [21, 22] .
The partial substituting Tb 3+ ions with nonmagnetic Y 3+ ions is naturally expected to have an impact on the low-temperature magnetism of Tb 2 Ti 2 O 7 . Fig. 7 shows the tem- (x = 0.2 and 1) single crystals were grown by the optical floating-zone method. The growth conditions were optimized and were found to be dependent on the radius of the R 3+ ions.
The structure and crystallinity of single crystals were characterized by X-ray diffraction and
Laue photographs. The physical properties were characterized by low-tempearture magnetization and specific heat measurements. 
